Patients from the International Takotsubo Registry with complete data on HR and SBP were enrolled. We analysed all-cause mortality and major adverse cardiac and cerebrovascular events (MACCE) in tertiles of HR (<77 b.p.m., 77-94 b.p.m., >94 b.p.m.) and SBP (<119 mmHg, 119-140 mmHg, >140 mmHg). In addition, linear splines with interactions between HR and SBP were analysed. The risk of all-cause mortality was higher in the second HR tertile (1.89, 1.15-3.10; P = 0.012) and the third HR tertile (3.01, 1.90-4.79; P < 0.001) than in the first tertile. Similar effects were observed for MACCE. Low SBP was related to an increased risk of all-cause mortality (P < 0.001) and MACCE (P = 0.002). In a multivariable analysis of all-cause mortality, at HR >70 b.p.m., every 1 b.p.m. increase in HR was associated with a 1.7% increase (P < 0.001), and every 1 mmHg increase in SBP up to 130 mmHg was associated with a 2% risk reduction (P < 0
Introduction
Takotsubo syndrome (TTS) is an underdiagnosed acute cardiac condition characterized by a variety of wall motion abnormalities and transient systolic and diastolic dysfunction, which may present as acute heart failure.
1 -5 Physical and emotional stress are predisposing factors for TTS, 1,6 -8 and thus the sympathetic nervous system and baroreflex responses may be involved in its pathophysiology. 9 Recently, TTS was reported to be associated with considerable morbidity and mortality, similar to acute coronary syndrome (ACS). 1, 10, 11 The factors predicting cardiovascular outcomes in patients with TTS-induced acute heart failure are still insufficiently defined. Elevated resting heart rate (HR) is a risk factor in heart failure patients with either impaired 12 or preserved 13 left ventricular ejection fraction (LVEF). Similarly, low systolic blood pressure (SBP) is associated with increased mortality in acutely hospitalized patients 14, 15 and in patients with chronic heart failure in the outpatient setting.
16 -18 As most TTS patients have an impaired LVEF (mean 41%) and markedly elevated brain natriuretic peptide levels, 1 it is reasonable to assume that vital parameters predict the outcome of this condition. Therefore, the aim of the present study was to determine the interaction of HR and SBP on all-cause mortality and major adverse cardiac and cerebrovascular events (MACCE) in TTS patients.
Methods

Study population
The International Takotsubo Registry (InterTAK Registry, www.takotsubo-registry.com) is an observational, prospective, and retrospective, multinational study 19 with 26 participating centres from nine countries (Austria, Finland, France, Germany, Italy, Poland, Switzerland, the United Kingdom, and the United States). The study involved patients in whom TTS was diagnosed according to the modified Mayo Clinic diagnostic criteria. 20 The inclusion criteria were (i) presence of a transient abnormality of left ventricular wall motion extending beyond the territory of a single epicardial coronary artery, (ii) no evidence of acute plaque rupture, (iii) absence of myocarditis, (iv) presence of new electrocardiographic abnormalities or troponin elevation. Patients with pacemaker rhythm were excluded from the study. Triggering factors were classified as physical, emotional, a combination of physical and emotional, or no evident stressful event. 1, 21 The patients were followed up by team members of the InterTAK Registry and data were acquired from telephone surveys, hospital visits, or medical files. The follow-up parameters comprised all-cause mortality and data on MACCE, which was a composite of TTS recurrence, myocardial infarction, stroke/transient ischaemic attack, and all-cause mortality. During the complete follow-up period [median 354 days, interquartile range (IQR) 14-1310 days], 138 patients died and 227 patients experienced MACCE.
Patients with complete data on HR and SBP were enrolled. HR and SBP were collected from the patients' medical records. We selected HR and SBP values measured at admission, or if not available, then values measured at the next closest time point to admission were used. Long-term mortality and MACCE rates were assessed according to pre-specified tertiles.
The local ethics committee or institutional review board at each participating site reviewed the study protocol. 
Statistical analysis
Data are expressed as frequencies with percentages, means and standard deviations, or medians with IQR. Values of HR and SBP measurements at admission were split at the tertiles and the resulting groups of patients were compared using the Kruskal-Wallis test for laboratory parameters, and one-way analysis of variance for the remaining continuous variables. Categorical variables were compared using the Pearson Chi-square test. All-cause mortality and MACCE were analysed using Kaplan-Meier survival analysis and group comparisons were performed using the log-rank test and univariate Cox regression. Univariate Cox regression with flexible smoothing using penalized B-splines 22 was conducted to analyse the influence of HR and SBP. In order to get simple formulae for the effect of HR and SBP, the B-splines were replaced by linear splines with predefined knots. Knots were medically defined as a HR (≥70 b.p.m.) 12,13 and a SBP (<130 mmHg) 15 from which it is known that risk in heart failure increases. Deviations from linearity were analysed separately for HR and SBP using Cox regressions with the corresponding predictor entered linearly and as a linear spline. Multivariable Cox regressions were performed to analyse interactions between HR and SBP and to adjust the effects for the predefined patient characteristics, cardiovascular risk factors, and medication. Hazard ratios are reported with 95% confidence intervals (CI). Two-sided P-values of <0.05 were considered to indicate statistical significance. Statistical analyses were performed with SPSS version 21.0 or 22.0 (IBM Corp., Armonk, NY, USA), Kaplan-Meier curves were designed with Prism 7 software (GraphPad, La Jolla, CA, USA), and penalized B-splines with R (The R Foundation for Statistical Computing).
Results
Patient characteristics
Of 1763 patients included in the InterTAK Registry, 1377 patients who met the selection criteria were enrolled in the present study. Characteristics of the TTS patients separated by tertiles of HR (<77 b.p.m., n = 459; 77-94 b.p.m., n = 464; >94 b.p.m., n = 454) and tertiles of SBP (<119 mmHg, n = 464; 119-140 mmHg, n = 482; >140 mmHg, n = 431) are summarized in Table 1 . The majority of parameters did not vary between the different HR and SBP groups. However, patients with higher SBP were slightly older than those with lower SBP, while patients with lower SBP were more likely to have higher troponin levels, white blood cell counts, and C-reactive protein levels. Some of the other differences were statistically significant, but most likely not clinically relevant. Patients with higher HRs were more likely to have an acute accompanying infection with higher white blood cell counts and C-reactive protein levels than patients with lower HRs ( Table 1) .
Heart rate by tertiles
The association between all-cause mortality and HR tertiles is presented in Figure 1 . The lowest HR tertile (<77 b.p.m.) had 
Systolic blood pressure by tertiles
Low values of SBP were related to an increased risk of all-cause mortality (P < 0.001) (Figure 2) . Compared to the lowest tertile of SBP (<119 mmHg), the risk of death was 53% lower in the second SBP tertile (119-140 mmHg) and 52% lower in the highest SBP tertile (>140 mmHg). The hazard ratio of all-cause mortality was 0.47 (95% CI 0.32-0.70, P < 0.001) in the second tertile and 0.48 (95% CI 0.32-0.72; P < 0.001) in the third tertile, as compared to the lowest tertile. A similar effect was observed for MACCE. The risk of MACCE was significantly reduced in the second (hazard ratio 0.55, 95% CI 0.40-0.76; P = 0.001) and third tertiles (hazard ratio 0.67, 95% CI 0.49-0.91; P = 0.011) as compared to the lowest tertile.
Continuous relationships and interactions
To account for non-linear relationships of HR and SBP with all-cause mortality and MACCE, we constructed penalized B-splines ( Figure 3) . As shown, an increased HR (>70 b.p.m.) is related to an increased risk of all-cause mortality and MACCE with similar relationships with the outcomes for reduced SBP (<130 mmHg). Linear splines simplify the formula for prediction and interpretation for the clinicians. The red lines demonstrate that linear splines well describe the relation for HR and SBP for the risk of all-cause mortality and MACCE. Simple linear relationships, however, would not be sufficient (P-values for non-linearity: all-cause mortality HR P = 0.028, SBP P = 0.002 and MACCE HR P = 0.012, SBP P < 0.001). To obtain parsimonious models the non-linear effect at HR 70 b.p.m. and SBP 130 mmHg was set to 0. Hazard ratios with 95% CI for the additive model with linear splines for HR and SBP are presented in Table 2 . HR showed a 1.7% increase in the risk of death for every 1 b.p.m. increase in HR (crude hazard ratio 1.017, 95% CI 1.010-1.024; P < 0.001). A 2% reduction in risk for an increase of every 1 mmHg in SBP (crude hazard ratio 0.980; 95% CI 0.971-0.989; P < 0.001) was observed. As shown, the results are stable when adjusted for age and sex, for age and sex as well as for cardiovascular risk factors, as well as for age, sex, and medication on admission as well as discharge ( Table 2) . A significant interaction between HR and SBP was found for all-cause mortality (P = 0.037). The resulting hazard ratios in the model with interactions are, however, similar to those in the additive model in Table 2 (data not shown). The effect of HR and SBP on MACCE is similar to that on mortality ( Table 2) . No interactions between HR and SBP were found there. 
Discussion
The present study found that a higher HR and a lower SBP are associated with increased rates of all-cause mortality and MACCE in TTS patients presenting with acute heart failure. TTS has been associated with death and MACCE rates as high as 5.6% and 9.9% per patient-year, respectively.
1 The outcomes of TTS are similar to those of ACS. 1, 23, 24 However, long-term prognostic predictors have been poorly characterized and studies on TTS and treatment are scarce. Given that TTS can be precipitated by acute physical and emotional stress, catecholamines 22 and endothelin-1 25 proposed to play a pathophysiological role. As such, beta-blockers have been recommended for the treatment of this acute condition. A high resting HR is associated with poor outcomes in chronic heart failure, regardless of impaired 12 or preserved 13 LVEF. Moreover, in critical conditions like shock, 26 severe peripartum cardiomyopathy, 27 ACS, 28 and non-cardiac severe illness, 28 an elevated HR is associated with rehospitalization and death. Elevated HR is a modifiable risk factor, because HR reduction with an I f -channel inhibitor reduces the rate of hospitalization for heart failure and cardiovascular death rate in patients with chronic stable heart failure and a HR >70 b.p.m. 29 ; in patients with HR Figure 2 Kaplan-Meier event curves for all-cause mortality (A) and major adverse cardiac and cerebrovascular events (MACCE) (B) in patients with takotsubo syndrome (TTS) divided according to tertiles of systolic blood pressure.
>75 b.p.m., this treatment reduces all-cause and cardiovascular mortality rates. 30 Low SBP is also associated with poor outcomes in acute heart failure syndromes 14, 15 and chronic stable heart failure. 31 Interestingly, in this study, a lower SBP was related to lower LVEF, higher left ventricular end-diastolic pressure, and a higher rate of ST-segment elevation. Therefore, a direct relationship between a decrease in SBP and the extent of myocardial damage can be postulated. These findings are partially in contrast with those reported by Chong et al., 32 who found that hypotension during the first 3 days of hospitalization was not significantly related with wall motion score . index, pulmonary capillary wedge pressure, and pulmonary artery saturation. There are several possible explanations for the association of high HR with worse clinical outcomes. First, HR may increase as an adaptive response to preserve cardiac output when cardiac contractility significantly decreases. In this case, HR would be a sensitive marker of cardiac dysfunction, more sensitive than parameters like LVEF, and would identify patients with greater cardiac involvement and higher risk of recurrent adverse events. This hypothesis may also explain the negative association between high HR and low SBP, with the latter diminishing as a consequence of decreased cardiac output. However, this hypothesis may better explain short-term rather than long-term outcomes, given that a complete recovery is expected with TTS. As a complementary hypothesis possibly explaining long-term outcomes, we can also postulate that a high HR is a marker of increased 'adrenergic sensitivity' and that it identifies a subset of patients with 'high adrenergic sensitivity' who have been exposed to the detrimental effects of long-term adrenergic stimulation on the cardiovascular system. 33 Polymorphisms of the beta-adrenergic receptors have been described, if controversially, to potentially lead to differential responses to catecholaminergic stimuli; this finding may at least partially justify this hypothesis. 34 Herein, we describe for the first time that low SBP, in particular together with high HR, is associated with all-cause mortality in TTS patients. Elevated HR directly impacts cardiac contractility 35 and can, when persistent, produce tachycardia-induced cardiomyopathy. 36 Because TTS has been suggested to be mediated by catecholamines, 37 which also exert positive chronotropic effects, HR reduction might be a useful intervention. However, large retrospective studies and meta-analyses have shown no beneficial effect of beta-blockers on mortality 1 and recurrence. 38, 39 Indeed, as high HR often occurs together with low SBP, the negative inotropic effect of beta-blockers might limit their . tolerability under acute conditions. This close association might provide evidence that selective HR reduction with ivabradine, which does not affect contractility or blood pressure, 29 could be used to treat patients with low SBP. 31 Therefore, prospective randomized trials are urgently needed to provide solid evidence on the optimal medical therapy in these patients.
Interestingly, the risk of heart failure increases with HRs of ≥70 b.p.m. 40 The present cohort of TTS patients presented with a considerably higher HR (mean 88 b.p.m.) than that seen in patients with chronic heart failure. Therefore, the threshold HR from where HR reduction might be useful remains to be determined. HR has a significant impact on in-hospital outcomes, as confirmed by our results and as previously suggested by Citro et al., 10 who found that HR on admission was related to in-hospital events on univariate analysis but not after adjusting for confounding on multivariate analysis. Based on this observation, future studies should also aim to determine if early administration of therapies for HR control is more advantageous than delayed administration in TTS patients.
Unlike HR elevation, increased SBP was associated with a decrease in all-cause mortality. Indeed, an SBP >140 mmHg was associated with a 52% lower risk of death than an SBP <119 mmHg, a finding that is consistent with what has been observed in ACS. with increased mortality risk, it remains questionable whether elevated blood pressure produces useful effects, as this is counterintuitive based on the pathophysiology of heart failure and ACS. Therefore, the inverse relationship observed between SBP and mortality risk in chronic 35 or acute heart failure 14,15 can be extended to acute TTS. However, elevated HR may be a worthier therapeutic target in this situation, as the elevation of HR in TTS is more pronounced than that observed in ACS. Co-morbidities and cardiovascular risk factors may have a high prevalence in TTS patients. 41 In our study, patients with high HR had a high prevalence of co-morbidities and cardiovascular risk factors. The prevalence of hypertension was, not surprisingly, higher in patients in the higher SBP tertiles. As already demonstrated in the InterTAK cohort, 1 co-morbidities may affect the outcomes of TTS patients. Interestingly, however, in the present study, the prognostic value of HR and SBP was maintained even after controlling for the main co-morbidities and cardiovascular risk factors on multivariate analysis. These results are in line with those reported by the SHIFT trial investigators, who demonstrated that HR and co-morbidities may each independently predict the prognosis of patients with heart failure. 42 Finally, cardiovascular medications may also affect the predictive value of HR and SBP as well as long-term outcomes in TTS patients. In our study, patients in the lower HR tertiles and higher SBP tertiles were more likely to be discharged on angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, and patients . in the higher SBP tertiles were more likely to be treated with angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, beta-blockers, or calcium channel blockers on admission. However, the predictive value of HR and SBP for long-term outcomes was maintained even after controlling for these differences in medical therapy, as demonstrated by Cox regressions.
Study limitations
This was an exploratory analysis from an in part retrospective registry, and thus, patients were not subject to randomization. In addition, the time points of SBP and HR measurements on admission varied, and in selected cases, HR and SBP values might have been influenced by catecholamine administration. However, this is the largest multicentre study on TTS among Europe and the United States. Therefore, the association of HR and SBP with TTS outcomes is based on sufficient statistical power to allow reliable conclusions. The novelty of the findings is that in TTS, the same association of high HR with risk and low SBP with outcomes ('inverse epidemiology') applies to chronic heart failure.
Conclusions
The results of this analysis of a large TTS population show that high HR and low SBP are additively associated with all-cause
